Veins are longitudinal cuticular structures that maintain shape of the wing. Drosophila melanogaster has six longitudinal veins (L1-L6) and two cross veins. The Zn-finger transcription factors of Spalt-complex (Sal) are required for positioning of the L2 and L5, and the homeodomain transcription factors of Iroquois complex (Iro-C) are required for formation of the L3 and L5 veins. The homeodomain transcriptional repressor Defective proventriculus (Dve) is uniformly expressed in the wing pouch of the larval imaginal disc. However, dve mutant wings showed loss of the L2 and L5, but not of the L3 and L4 veins. Temporal dve knockdown experiments indicate that the Dve activity is required for vein formation from late third larval instar to the prepupal stage. In the prepupal wing, Dve expression becomes nearly complementary to that of Sal through the Sal-mediated dve repression. Furthermore, coexpression of Dve and Iro-C relieved of Sal-mediated repression is required for the L5 formation in a dose-dependent manner. The relationship between Sal, Dve, and Iro-C in wing vein specification is quite similar to that in ommatidial cell-type specification. Our results provide information about the conserved function of dve regulatory motifs in cell differentiation.
Introduction
Veins in insect wings are cuticular longitudinal structures that are distributed in species-specific patterns, and play a role to support the wing. There are six longitudinal veins (L1 to L6) and two cross veins [anterior cross vein (a-cv) and posterior cross vein (p-cv)] in a Drosophila wing. The cell fate to individual veins has already been determined in the wing imaginal disc in the late third-larval instar. However, specialization of the wing veins occurs in the period of which the wing flats after puparium formation (APF). The vein differentiation is coordinated by several different signaling pathways. The activation of Drosophila epidermal growth factor receptor (EGFR) and Decapentaplegic (Dpp) signaling promotes vein formation, whereas Notch (N) signaling activated in the cells adjacent to the vein region antagonizes vein formation (Bier, 2000; Crozatier et al., 2004; de Celis and Diaz-Benjumea, 2003) .
The longitudinal four veins (L2 to L5) are defined by positional cues provided by the Hedgehog (Hh) and Dpp signaling gradients generated from the anterior-posterior boundary. Hh signaling acts at short range to pattern the central region, L3 to L4 (Mullor et al., 1997; Strigini and Cohen, 1997) . Activation of the transcription factor Collier (Col)/Knot (Kn) in response to high doses of Hh controls the formation of the L3-L4 intervein and L4 provein through activation of Drosophila serum response factor (D-SRF) and the EGFR ligand vein (vn), respectively (Crozatier et al., 2002; Mohler et al., 2000; Vervoort et al., 1999) . The L3 vein formation requires the activity of Iroquois complex (Iro-C), whose expression is defined in the L3 region through activation by appropriate doses of Hh signaling and repression by two closely-related Zn-finger transcription factors of Spalt-complex, Spalt-major (Salm) and Spalt-related (Salr) (de Celis and Barrio, 2000) .
Dpp signaling acts at long range, and the expression of Dpp target genes, sal, salr, optomotor-blind (omb), and brinker (brk) contributes to positioning of the L2 and L5 veins. The gene complex knirps (kni) and knirps-related (knrl) are expressed in a narrow stripe of cells just anterior to cells expressing high level of Sal, and the kni complex is required for Sal-dependent L2 vein formation (Lunde et al., 1998; Lunde et al., 2003) . The abrupt (ab) gene is expressed in a narrow stripe of cells along the omb/brk border, and is required for the L5 vein formation (Cook et al., 2004) . The expression of Iro-C is defined in the L5 region through Sal-mediated repression, and is also required for the L5 vein formation (de Celis and Barrio, 2000; .
The homeodomain transcriptional repressor Dve is expressed in various organs. In the wing imaginal disc, Dve is uniformly expressed in the wing pouch at early third-larval instar. Thereafter, N and Wingless (Wg) signaling represses Dve along the dorso-ventral boundary at mid-third larval instar, and this process is required for wing margin specification . Moreover, Dve is involved in proliferation of wing pouch cells, pattern formation along the proximo-distal axis, and vein formation of L2 and L5 (Kölzer et al., 2003) . Here, we provide evidence that the complementary expression of Dve and Sal during prepupal stage is important for the L2 and L5 vein formation, and that Dve and Iro-C act in a coordinated manner for proper L5 formation.
Results

dve mutant phenotypes in wing vein formation
The dve gene generates the two transcripts, type-A (~4.9 kb dve-A) and type-B (~3.5 kb dve-B), which are transcribed from different promoters. dve 1 is a P-element insertion allele that causes severe loss of function (Nakagoshi et al., 1998) , and rarely recovered homozygous adult flies show various morphological defects. These mutant wings are small and the L2 vein is interrupted in the proximal region, and the distal part of L5 vein is lost (Kölzer et al., 2003) . To check whether these vein phenotypes are specific for L2 and L5, we generated dve 1 mutant mosaic clones (FRT42D sha dve 1 /FRT42D w + M(2)53 1 ). Mutant clones in the adult wing were identified by the shavenoid (sha) mutant phenotype, loss of wing hairs. These mutant wings showed the same phenotypes to those of the homozygous mutants, and their veins of L3 and L4 encompassing dve 1 mutant clones were unaffected (Fig. 1A) .
Thus, the Dve activity is required for the formation of L2 and L5, but not of L3 and L4. Because the two isoforms of Dve are transcriptionally active in the wing disc, we examined the isoform specificity for wing vein formation. The first exon deletion allele dve E181 is a dve-A specific null allele (Nakagawa et al., 2011) . Mutant clones for dve E181 did not affect vein formation of L2 and L5 (Fig. 1B) , indicating that the Dve-A activity is dispensable for vein formation in the presence of sufficient Dve-B activity. The GAL4 enhancer-trap line NP1550 has a P-element insertion upstream of the dve-B transcription start site of the dve gene, and the NP1550-driven GFP expression was nearly identical to the expression pattern of endogenous Dve protein in the wing disc and the head vertex ( Fig. 1C ; Yorimitsu et al., 2011) . RNAi-mediated dve knockdown (KD) using NP1550 (NP1550 N dve-IR) showed mild phenotypes compared to the dve 1 mutant mosaic wings, and loss of the L5 vein could be rarely observed at 25°C (2.9%). Only at higher temperature, the L5 loss was clearly observed comparable to the frequent loss of L2 (Fig. 2) .
Critical period for Dve-dependent vein formation
In the third larval instar (3 L), Dve expression is uniform in the wing pouch except for the dorso-ventral boundary, and is not restricted to the presumptive L2 and L5 regions ( Fig. 1C ; Nakagoshi et al., 2002) . Thus, we performed temporal knockdown of the dve activity to examine the period for Dve-dependent vein specification. RNAi-mediated dve KD is temporarily blocked by the temperature-sensitive GAL80 (GAL80 ts ) at the permissive temperature 18°C, and the dve KD is activated at the restrictive temperature 30°C ( Fig. 2A) . Because the constant dve KD at 30°C resulted in lethality, this was performed at 29°C ( Fig. 2A, condition a) . In the down-shift condition, dve KD from the second larval instar (2 L) to the end of 3 L, i.e. puparium formation at 120 h after egg laying (AEL), induced most severe defects ( Fig. 2A-C, condition d) . Considering the time lag to fully inactivate dve KD after the temperature shift to 18°C, the period for Dve-dependent vein specification appears to be from late 3 L to the prepupal stage ( Fig. 2A) . This was further confirmed by the up-shift experiments in which there are also time lag to knock down the Dve activity after the temperature shift to 30°C, due to the perdurance of the translated Dve proteins. For instance, the up-shift condition from early 3 L (72 h AEL, condition f in Fig. 2A ) resulted in undetectable level of Dve proteins at late 3 L (Fig. 2D , E), whereas the upshift condition from mid 3 L (96 h AEL, condition g in Fig. 2A ) could not eliminate Dve proteins at late 3 L (Fig. 2F, G) . Thus, the reduced Dve expression after late 3 L correlates with phenotypes of vein loss. Furthermore, other up-shift experiments also suggest that the Dve activity during pupal stages is dispensable for vein specification ( Fig. 2A , conditions g and h). The up-shift conditions from early stages ( Fig. 2A , conditions e and f) also affected the viability as observed in constant KD (condition a), and the eclosed flies were mildly knocked down ones. Thus, the phenotype of L5 vein loss is not evident in these flies (Fig.  2C ). Taken together, we conclude that the Dve activity for vein specification is required during the critical period from late 3 L to the prepupal stage ( Fig. 2A ).
Temporally regulated Dve repression during the critical period
Based on the above results, we focused on the Dve expression pattern during the prepupal stage. At 6 h APF, Dve is repressed around the anterior-posterior (A-P) compartment boundary, and this expression pattern is nearly complementary to that of Sal (Fig. 3A) . The expression of Sal is responsive to the morphogen gradient of Dpp secreted from the A-P boundary. Mutant mosaic analysis for Sal indicates that the low-level expression of Sal is required for the L2 formation and the high-level expression of Sal suppresses ectopic formation of L3, L4, and L5 (de Celis and Barrio, 2000) . Dve expression in the L5 region shows clear boundary, whereas that in the L2 boundary is unclear (Fig. 3A) . Coexpression of salm and Dve in the putative L2 region (Fig.  3B , bracket) appears to reflect the requirement of both gene activities for L2 formation. Interestingly, the forced sal expression in the wing pouch results in loss of the L2 and L5 veins (de Celis and Barrio, 2000) , suggesting that this phenotype is due to the Sal-mediated repression of dve.
To test this possibility, Sal-expressing clones were induced in the Dve-expressing region. The Dve expression was clearly repressed in a GFP-labeled Sal-expressing clone at 6 h APF (Fig. 3C) . Although Sal and Dve are coexpressed in the wing pouch until late 3 L, the Sal-mediated repression of dve occurs during the prepupal stage. Thereafter, it is relieved at 30 h APF and Dve is uniformly expressed in the wing blade ( Supplementary Fig.1 ). In addition to this temporal regulation, there might be a spatial regulation. Dve expression is weakly detectable along the A-P boundary at 6 h APF (Fig. 3A' ), suggesting a possibility that positional information can also affect the Sal-mediated dve repression.
The Sal-mediated dve repression is a critical regulatory motif for vein specification
Dve expression is also temporarily repressed by N signaling in various organs. In the wing disc, dve is repressed by N signaling at the dorso-ventral boundary from the mid-third larval instar . In the leg disc, dve is repressed by N signaling in the presumptive joint region, which is proximal to the segment boundary (Shirai et al., 2007) . In the larval midgut, isoform switching from dve-A to dve-B is repressed in copper cells through activation of N signaling in adjacent interstitial cells (Nakagawa et al., 2011) . In these different organs, N-mediated dve repression is an important process for proper development.
During wing vein development, N signaling is required to specify longitudinal veins, whereas dve repression is not associated with the N-activated region. Dve is temporarily repressed in the Sal-expressing region during the prepupal stage. To clarify the significance of Sal-mediated dve repression, forced sal expression was induced in the dve-expressing region (NP1550 N salm). These wings showed almost complete loss of L2 and L5 veins (Fig. 3D ). This result is consistent with the previous report (de Celis and Barrio, 2000) , and further supports the notion that ectopic Sal expression outside the endogenous Sal-expressing domain represses dve, and that the reduced level of Dve causes loss of L2 and L5 veins.
To examine whether the temporally regulated dve repression is crucial for vein formation, the forced dve expression was transiently induced in the posterior compartment of the wing disc from 3 L to prepupal stages (en-GAL4 N UAS-dve-A, tub-GAL80 ts ). These wings showed vein fusion of L4 and L5 (Fig. 3E) , which is similar to the sal mutant phenotype (de Celis, 2003) . This result suggests that the Sal-mediated dve repression is an important regulatory motif for vein specification.
Genetic interaction between dve and Iro-C for L5 formation
The Iro-C genes encode three related transcription factors, Araucan (Ara), Caupolican (Caup), and Mirror (Mirr), and the Iro-C activity is required for vein specification of L3 and L5 . As observed for Dve, the expression boundary of the Iro-C in the L5 region is also defined by the Sal-mediated repression (de Celis and Barrio, 2000) .
Because ara and caup, but not mirr, are expressed in the L3 and L5 regions (Ikmi et al., 2008) , we used the ara mutant allele ara rF209 and the
Iro-C deletion allele Iro-C DFM3 to test the genetic interaction between dve
and Iro-C (ara/caup) in the L5 formation. RNAi-mediated dve KD showed frequent loss of the proximal L2, but the loss of L5 was rarely observed at 25°C (2.9%) (Fig. 4B, E) . The L5 loss phenotype of dve KD wings was greatly enhanced with the heterozygous ara rF209 mutation, although heterozygotes of ara rF209 had normal veins (Fig. 4A-C, E) . This enhancement was also observed in the Iro-C DFM3 heterozygous background. The L5 loss was observed at 45% in the Iro-C DFM heterozygotes and was enhanced to 100% in the dve KD background (Fig. 4D, E) . Moreover, the L5 loss in the proximal region never occurs in the dve KD or the Iro-C DFM heterozygous condition, whereas the dve KD in the Iro-C DFM heterozygous background (dve KD; Iro-C DFM /+) significantly induced the proximal L5 loss (Fig. 4D, F) . Then, we checked whether the enhancement of vein loss frequency is due to the reduced level of Iro-C expression in the dve KD condition, and vice versa. Dve expression was not affected in Iro-C mutant clones, and Iro-C (ara-lacZ) expression was also unaffected in dve mutant clones ( Supplementary Fig. 2) . Thus, the enhancement of vein loss frequency in a dose-dependent manner seems to reflect the coordinated action between Dve and Iro-C, although we cannot exclude the possibility that they act in parallel redundant pathways in the proximal L5 region.
Discussion
Similar dve regulatory motifs are used in different organs
Both Dve and Iro-C are required for the L5 vein formation, and these two genes are also required for dorsal-third yellow-type ommatidial Temperature shift to 30°C was performed from 72 h to 120 h AEL, and shifted to 18°C until eclosion. Anterior is to the up, and distal is to the right.
specification (Johnston et al., 2011) . Interestingly, the Sal-mediated dve repression is also a common regulatory motif in both vein formation and ommatidial specification. In the case of ommatidial specification, two regulatory motifs form interlocked feedforward loops, coherent feedforward loop (cFFL) and incoherent feedforward loop (iFFL), and guarantee robustness of cell-type-specific Rhodopsin expression (Fig.  5A ). In these dve regulatory motifs, Sal-mediated dve repression is quite important. The level of Dve expression depends on the balance of activator [Orthodenticle (Otd), Spineless (Ss)] and repressor (Sal), and it is kept at minimum level in the yellow-type R7 (yR7) to repress the target gene rh3. In the presence of Iro-C, the Dve-mediated rh3 repression breaks down, and leads to Rh3 expression in the dorsal third yR7 (Fig. 5A) . It is unclear whether the Sal-mediated dve repression during wing vein specification is a part of feedforward loop, because the direct Dve target gene has not been identified. In addition, interaction with Iro-C looks as if it acts oppositely. In the case of ommatidial specification, Dve represses rh3 and Iro-C activates rh3. In contrast, both Dve and Iro-C promote the L5 vein specification. Moreover, the coordination does not seem to be specific to Iro-C. The abrupt (ab) gene is expressed in a narrow stripe of cells along the omb/brk border, and is required for the L5 vein formation (Cook et al., 2004) . The L5 loss phenotype of dve KD wings was also enhanced with the heterozygous ab 1 mutation (Supplementary Fig. 3A) . Thus, the Dve activity seems to be required for promoting a potential of the L5-forming factors (Iro-C and Ab). If a similar regulatory mechanism is present in both ommatidial specification and wing vein formation, we predict a Dve-target gene (factor X) that is repressed by Dve and activated by Iro-C (see below).
Low-level Dve expression is critical for cell specification
In the late third-larval instar, Dpp-induced positional information has already defined the presumptive L2 (kni, knrl) and L5 (Iro-C, ab) regions, whereas Dve is uniformly expressed. At the prepupal stage, temporally regulated dve repression occurs in the Sal-expressing domain, and induces low-level expression of Dve along the Sal-expressing border, namely L2 and L5 regions (Fig. 5B) . This down-regulation of Dve is crucial for proper vein differentiation, because excess Dve activity inhibits separation of L4 and L5 (Fig. 3E) . In addition, complete Dve suppression by the strong Sal expression inhibits vein formation of L2 and L5 (Fig. 3D) . Thus, the Sal-mediated dve repression appears to generate an appropriate level of Dve expression for proper vein differentiation along the L2 and L5 regions.
This down-regulation of Dve seems to relieve the repression of a Dve-target gene (factor X), and should induce X expression in the presence of Iro-C as observed in ommatidial specification. We hypothesize that the factor X is a vein-forming cofactor, and that vein differentiation program is blocked by Dve until prepupal stage to coordinate the timing of vein differentiation. In dve mutant cells, the expression of factor X should be derepressed and the coordinated differentiation might be disrupted. However, ectopic vein formation is not evident in dve mutant cells, because the low-level Dve activity is also required for vein formation. Based on the model in Fig. 5B , we propose an extended model that the Sal-mediated dve repression at the prepupal stage induces the vein-forming cofactor X and determines the precise timing of vein differentiation in coordination with Iro-C and Ab (Supplementary Fig. 3B ).
Our results indicate that the low-level Dve expression generated by Sal is a common dve regulatory motif. This regulatory motif allows the Iro-C-dependent spatial expression of Rh3 in ommatidia and the Iro-C-and Ab-dependent L5 vein differentiation. We speculate that the Sal-mediated dve repression at the prepupal stage is also involved in determining the precise timing for vein differentiation. It is still unclear why Sal cannot repress dve in the larval wing disc, and what is the trigger for Sal-mediated dve repression in the prepupal wing. Further characterization of the dve regulatory motif should provide insights into the mechanism of cell differentiation.
Experimental procedures
Fly stocks and crosses
All stocks were maintained on standard yeast/glucose medium at 25°C. Oregon-R flies were used as wild-type control. The following mutant strains were used: dve 1 (Nakagoshi et al., 1998) , dve E181 (Nakagawa et al., 2011) , ara rF209 (ara/caup-lacZ), iro DFM3 , and ab 1 (Bloomington Drosophila Stock Center). To monitor Spalt-activated cells, P{PZ}salm 03602 (salm-lacZ) (Bloomington Drosophila Stock Center) flies were used. The following GAL4/UAS stains were used: NP1550 (Hayashi et al., 2002 ) (DGRC, Kyoto), Ay-GAL4 UAS-GFP·S65 T (Ito et al., 1997) , tub-GAL80 ts , en-GAL4, UAS-salm (Bloomington Drosophila stock center), and UAS-dve-A[9B2] (Nakagoshi et al., 1998) . To knockdown the dve expression, UAS-dve-IR (v109538, Vienna Drosophila Resource Center) was used. The recombined chromosome ab 1 NP1550 was used to check the genetic interaction between dve and ab.
Mosaic analysis
Mosaic clones were induced with the use of FRT-and FLP-mediated recombination systems (Xu and Rubin, 1993) . To generate dve 1 and dve E181 mosaic clones in the wing, y w; FRT42D sha dve 1 /CyO ftz-lacZ and y w; FRT42D sha dve E181 /CyO flies were crossed with y w hs-flp; FRT42D w + M(2)53 1 /CyO ones, respectively, subjecting the offspring to heat shock at 38°C for 90 min at the first larval instar. To generate dve null mutant clones in wing discs, y w; FRT42D dve L186 /CyO flies (Terriente et al., 2008) were crossed with y w hs-flp; FRT42D ubi-GFP M(2)53 1 /CyO ones, and heat-shocked as above. Null mutant clones for Iro-C were induced as the following genotype: y w hs-flp/+; FRT2A iro-DFM3 /FRT2A ubi-GFP. To generate Spalt-expressing clones, y w hs-flp; UAS-salm/CyO flies were crossed with y w; Ay-GAL4 UAS-GFP·S65 T/ CyO ones, subjecting the offspring to heat shock at 38°C for 25 min.
Immunohistochemistry
Prepupae at 6 h APF and the late third-instar larvae were dissected in phosphate-buffered saline (PBS), fixed with 4% formaldehyde/PBS-0.3% Triton X-100, and washed several times with PBS-0.3% Triton X-100. The following primary antibodies were used: mouse anti-β-Galactosidase (Promega; 1:100) and rabbit polyclonal anti-Dve (1:200) (Nakagoshi et al., 1998) . FITC-conjugated secondary antibodies to mouse immunoglobulin G (Cappel; 1:200), Cy3-conjugated secondary antibodies to mouse or rabbit immunoglobulin G (Jackson; 1:200), and Cy5-conjugated secondary antibody to rabbit immunoglobulin G (Jackson; 1:200) were used for detection. Confocal images were obtained with a confocal microscope (OLYMPUS FV300) and the photo images were processed using a Photoshop software (Adobe). (Johnston et al., 2011) . Dve expression is activated by Otd and Ss, but is repressed by Sal. In the dorsal third region of the compound eye, the yellow-type R7 expresses both Rh3 and Rh4. This cell type is specified by the coexpression of Dve and Iro-C. cFFL: coherent feedforward loop, iFFL: incoherent feedforward loop. (B) Morphogen gradient of Dpp (blue) induces Sal expression (red) in the central region of the wing pouch. The expression boundary where Sal is weakly expressed corresponds to the presumptive L2 and L5 regions. The expression boundary of Iro-C (Ara/Caup) in the L5 region is established through Sal-mediated repression in late third larval instar. Dve expression (green) becomes nearly complementary to the Sal-expressing region through the Sal-mediated repression in the prepupal stage. Low-level expression of Dve and the coordinated action between Dve and Iro-C (Ara/Caup) is required for L5 specification.
Temporal dve knockdown (KD)
To knockdown the Dve activity in a temporal manner, temperaturesensitive GAL80 (GAL80 ts ) was used (McGuire et al., 2003) . w; NP1550/ UAS-dve-IR; tub-GAL80 ts /+ flies were reared at the permissive temperature (18°C) and then shifted to the restrictive temperature (30°C) [upshift experiments] or reared at 30°C and then shifted to 18°C at various time points [down-shift experiments] . Because the control flies of continuous KD at 30°C could not be recovered, we carried out this experiment at 29°C (Fig. 2A, condition a) . Adult fly wings were dissected from the body and mounted in 50% Permount (Fisher Scientific)/50% methyl salicylate. Photo images were obtained with microscopes, Zeiss Axio Photo and KEYENCE BZ-9000.
Statistical analyses
The significance of differences between the control and test flies was analyzed with Fisher's exact test using Prism6 (GraphPad Software). Data are presented in figures with levels of significance indicated by asterisks: **P b 0.001, ***P b 0.0001.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.06.004.
